In many Laboratories, great emphasis now is placed on the development of linear accelerators with very large ion currents. To achieve this goal, a primary concern must be the low-velocity part of the accelerator, where the current limit is determined and where most of the emittance growth occurs. The use of magnetic focusing, the conflicting requirements in the choice of linac frequency, and the limitations of highvoltage dc injectors, have tended to produce lowvelocity designs that limit overall performance. The radio-frequency quadrupole (RFQ) linear General Properties of the RFQ The RFQ uses RF transverse electric fields to focus ions traveling along its axial region. Figure 2 is a schematic section of the RFQ resonator. It operates in a modified TE210 mode, in which the currents flow transversely to the z-axis. The current flow results in + -+ -polarities on the pole tips at a certain time, thus producing a quadrupole focusing or defocusing force in a given transverse plane. Onehalf cycle later, these forces reverse sign to produce Fig. 1 . Drawing of an RFQ with manifold.
Introduction
In many Laboratories, great emphasis now is placed on the development of linear accelerators with very large ion currents. To achieve this goal, a primary concern must be the low-velocity part of the accelerator, where the current limit is determined and where most of the emittance growth occurs. The use of magnetic focusing, the conflicting requirements in the choice of linac frequency, and the limitations of highvoltage dc injectors, have tended to produce lowvelocity designs that limit overall performance. The radio-frequency quadrupole (RFQ) linear accelerator, invented in the Soviet Union and developed at Los Alamos, offers an attractive solution to many of these low-velocity problems. In the RFQ, the use of RF electric fields for radial focusing, combined with special programming of the bunching, allows high-current dc beams to be captured and accelerated with only small beam loss and low radial emittance growth. Advantages of the RFQ linac include a low injection energy (20-50 keV for protons) and a final energy high enough so the beam can be further accelerated with high efficiency in a Widerbe or Alvarez linac. These properties have been confirmed at Los Alamos in a highly successful experimental test performed during the past year. The success of this test and the advances in RFQ design procedures have led to the adoption of this linac for a wide range of applications. The beamdynamics parameters of three RFQ systems are described. These are the final design for the prototype test of the Fusion Materials Irradiation Test (FMIT) 
General Properties of the RFQ
The RFQ uses RF transverse electric fields to focus ions traveling along its axial region. Figure 2 is a schematic section of the RFQ resonator. It operates in a modified TE210 mode, in which the currents flow transversely to the z-axis. The current flow results in + -+ -polarities on the pole tips at a certain time, thus producing a quadrupole focusing or defocusing force in a given transverse plane. Onehalf cycle later, these forces reverse sign to produce Fig. 1 The strong focusing from the electric field, together with the combined-function adiabatic bunching, results in a high space-charge limit, even though the dc injection voltage may be as low as 20 to 50 kV. An output ion-beam energy in the l-MeV/nucleon range typically is obtained within a few meters.
In comparison with a dc accelerator at the same beam current and output energy, the RFQ frequently offers the advantage of a much reduced size. The RFQ's strong focusing forces allow large beam currents with good output beam quality; the beam-current capacity of the RFQ appears to be greater than most dc accelerators. The RFQ offers greater flexibility than dc accelerators in the use of ion sources. A physically large and complex ion source for either positive or negative charge can be used as an injector. For convenient operation of the ion-source, it is possible to apply a bias dc voltage to the RFQ, so that the ion source is at ground potential. Also, because the RF amplitude is the only physical parameter to be adjusted, the RFQ is relatively simple to operate. Some 2000 disadvantages are (1) the RFQ is probably less flexible than dc accelerators for output energy variation and (2) for energies greater than about 2 MeV/ nucleon, the average accelerating field is less than that for a conventional linac. However, extending RFQ operation to higher energies does not degrade the beam performance; and, for low duty-factor applications, can result in less total power consumption than for a conventional linac with dc focusing magnets.
Thus, an RFQ can be designed to accept an intense low-velocity unbunched ion beam from a low-voltage dc injector; then it will provide radial focusing, bunching, and acceleration to about 1 MeV/nucleon in a few meters. In applying the RFQ in a specific case, it is possible to optimize its characteristics in a flexible way to obtain the desired compromise between transmission efficiency, emittance growth, beam-current capacity, overall length, and power dissipation. Tokyo -NUMATRON CERN -PS Injector *The RFQ linac has been accepted or is under consideration for inclusion in these projects that are being constructed, proposed, or studied.
In the following sections we discuss three RFQ beam-dynamics designs. Each linac will be discussed briefly, and most of the details will be presented in tabular form. The currents listed in the tables are the microscopic-averaged electrical currents and thus correspond to the average current for 100% duty factor. The current limit listed was calculated from the formulas given by Wangler.'0 The emittances are normalized values and are to be multiplied by 1r to obtain the ellipse area in cm-mrad units. The quantity Es is the assumed maximum surface electric field; L is the cumulative RFQ length from the input. The quantities a and m are defined in Fig. 2 .
FMIT Prototype RFQ
The Fusion Materials Irradiation Test accelerator'' is being designed by Los Alamos for the Hanford Laboratory. The 35-MeV deuteron beam from this linac will bombard a lithium target to produce neutrons for testing fusion-reactor materials. A prototype test will be carried out at Los Alamos. The prototype will consist of the injector, the RFQ, and a 3-MeV portion of the drift-tube linac. The RFQ will accelerate a 100-mA beam from 0.075 to 2.00 MeV in 3.88 m. The other parameters and the predicted performance are listed in Table 2 .
2001 Figure 5 is a computer-generated plot of the FMIT RFQ pole-tip shape in the x-z plane. Note that the transverse scale has been expanded, relative to the longitudinal scale. This plot also shows the relative lengths of the four functional sections. A large part of the total length is the shaper and gentle-buncher sections that are devoted principally to the bunching process. When the bunching length dominates an RFQ linac designed to produce a fixed final energy, we usually find that the overall length decreases with decreasing injection energy. This new situation places emphasis upon using the lowest possible energy into the RFQ, consistent with the capability of the ion source, to produce the required current. Figure 6 shows the radial, phase, and energy profiles from a PARMTEQ beam-dynamics analysis. The input consisted of 360 particles with 75-keV energy, randomly distributed in the x-x', y-y' phase space, and uniformly distributed through 3600 of phase to represent a dc beam. At the top of the figure the x-coordinates of these particles are plotted at each cell. The dotted lines are plots of the quantity a, the size of the bore aperture. The middle plot shows the phase of the particles, and the dotted lines are the phase extent of the zero-current separatrix. The Table 4 lists the other parameters and the predicted performance. Table 4 Heavy Ion Fusion RFQ 
